INTRODUCTION
============

A mouthguard is a protective appliance that effectively prevents the oromaxillofacial region from possible injuries during various physical activities.[@B1],[@B2] It has been shown that mouthguards absorb shocks to protect teeth and periodontal tissues, and also help prevent even more serious trauma, including maxillary fracture or even concussion.[@B3],[@B4]

In addition to their protective functions, their effects on certain physical activities followed by wearing properly fabricated mouthguards have attracted the interests of clinicians and researchers.[@B5],[@B6] As a result, many studies have been performed to measure the influence of mouthguards on physical performance, and to maximize physical performance modifying mouthguards by finding their optimal form.[@B7]-[@B9] In the sports dentistry field, many researchers have focused on how occlusal changes, such as mandibular shift and increased vertical dimension, or how occlusal stability affects physical performance.[@B10]-[@B12] Based on the results of these studies, it was suggested that mouthguards could also be used to aid performance in addition to providing simple protection of oromaxillofacial region.[@B13],[@B14]

Stenger et al. first reported the effects of mouthguards on physical performance based on the considerable changes in the head and neck area by repositioning the mandibular condyle, and suggested that mouthguards could be used to enhance athletic performance.[@B15],[@B16] Early researchers, such as, Gelb et al. suggested a strong connection between oromaxillofacial muscles and systemic muscles and also argued that an inappropriate intermaxillary relationship has an undesirable influence on systemic condition, suggesting that proper mandible realignment improves systemic physiology.[@B17],[@B18] To obtain the ideal intermaxillary relationship, they suggested the use of MORA (mandibular orthopedic repositioning appliance).[@B19],[@B20] The studies on the influence on physical performance according to changes in occlusal conditions using MORA have been conducted by several investigators. In particular, Forgione et al. reported an increase in muscular limb strength using MORA,[@B21],[@B22] and Kaufman et al. reported improved muscular strength and balance in athletes after the application of mouthguards or MORA.[@B23],[@B24]

However, some studies based on double-blind tests reported inconsistent and non-significant results, and argued that previously reported positive effects of intraoral appliances were due to placebo effects resulting from inadequate experimental designs such as lack of double-blind method.[@B25],[@B26] On the other hand, Abduljabbar et al. in a placebo controlled study found that when a mouthguard was applied in temporomandibular disorder (TMD) patients with loss of vertical dimension in several occlusal conditions, strengths of shoulder and knee joints improved significantly.[@B27] Thus, controversy over the systemic effects of intraoral appliances including mouthguards persists,[@B28] and although many studies supported the positive systemic effects of intraoral appliances, it is difficult to draw a solid conclusion.[@B11],[@B12],[@B27],[@B29],[@B30]

Furthermore, systemic effects could be caused by stomatognathic change. However, the issue is poorly understood, although it has been hypothesized that changes in the peripheral proprioceptive input signals in the orofacial region are transmitted to the central nervous system (CNS) via trigeminal nerve, and that the CNS then transfers the altered output signal via spinal nerves and autonomic nerves to the whole body system.[@B31],[@B32] However, this hypothesis has not been proven experimentally. The suggested mechanisms of action of mouthguards on physical performance can be classified by the step of signaling pathway involving 2 steps: of peripheral input related with stomatognathic changes including mandibular position, proprioceptive stimuli and of systemic output related with signal modulation in central nervous system. Of the two, it makes more sense to first identify specific changes in stomatognathic input before addressing the central and autonomic nervous mechanisms involved.[@B33],[@B34] Furthermore, the identification of specific changes in stomatognathic input would make the latter target easier by narrowing down possible action sites in CNS responsible for inputs. Therefore, this study was undertaken to determine whether mouthguards have systemic effects, and to identify occlusal force distributions among changes in peripheral input that may systemically affect physical performance. Accordingly, we measured systemic changes including isokinetic muscle strengths and anaerobic performances under variable conditions with and without full- and partial-coverage mouthguards with the same intermaxillary vertical dimension.

MATERIALS AND METHODS
=====================

In this study, systemic physical performances were measured under the following five occlusal conditions and then compared: 1) occlusion without any appliance, 2) occlusion with a full-coverage maxillary mouthguard with anteroposteriorly and laterally balanced occlusal contacts, 3) occlusion with an anterior-coverage mouthguard covering the region from the left maxillary canine to the right maxillary canine, 4) occlusion with a left posterior-coverage mouthguard covering the region from the left maxillary first premolar to the most posterior molar of the left maxilla, and 5) occlusion with a right posterior-coverage mouthguard covering the region from the right maxillary first premolar to the most posterior molar of the right maxilla.

The study subjects consisted of 20 undergraduate students from the department of physical education (Kyungpook National University). The inclusion criteria were as follows: normal occlusion and masticatory system, no history of TMD, no missing teeth (except third molars), a male gender, and an age between 20 and 25 years. Mean age was 21.2 ± 1.5, mean height 174.5 ± 4.7 cm, and mean weight was 68.8 ± 5.9 kg. The study protocol was authorized by the clinical experiment evaluation board of Kyungpook University (IRB code: 2012-02-023). In addition, all study subjects were provided with a full explanation of the protocol and written informed consent was also obtained.

We used the conventional impression method with alginate (Selection-J®, Youdent Co., Chiba, Japan) and then performed the bites registration (Imprint Bite®, 3M ESPE., Neuss, Germany) and the facebow transfer (KaVo PROTAR Evo 7®, Kavo Dental GmbH, Riss, Germany) in the intercuspal position (ICP) to mount dental models on an articulator (KaVo PROTAR Evo 7, Kavo Dental GmbH, Riss, Germany). Two points were marked at midpoint of the line connecting the deepest point on the gingival margin of the left canine and the first premolar, respectively, on the mounted maxillary and mandibular models. Based on two points, the intermaxillary vertical distance (VD) of occlusion was measured and then increased by 2 mm by raising the incisal guide pin of the articulator ([Fig. 1](#F1){ref-type="fig"}).

In the given intermaxillary position, maxillary-coverage mouthguards were fabricated using two layers of 3 mm EVA sheets (Bioplast® multicolor-SCHEU-DENTAL GmbH, Iserlohn, Germany), which were heat-compressed using Biostar® (SCHEU-DENTAL GmbH, Iserlohn, Germany) ([Fig. 2](#F2){ref-type="fig"}).

In order to compensate for changes in the vertical dimension by thermal polymerization, mouthguards were repositioned on mounted models and occlusal adjustment was re-performed ([Fig. 3](#F3){ref-type="fig"}). The finished mouthguards were tried in the mouths of subjects and examined for occlusal condition. Then full-coverage mouthguards were carefully re-adjusted to disperse occlusal force anteroposteriorly and laterally. Each subject received two full-coverage mouthguards fabricated in the given intermaxillary position, and then one of the two was randomly selected to be made into three partial-coverage mouthguards - anterior, right posterior, left posterior - by cutting at the interdental area between both canines and first premolars. All mouthguards were fabricated by a single experienced dental specialist.

Isokinetic muscle strength and anaerobic performance of the knee joint were measured which were the most important factors used to evaluate performance of students majoring in physical education. To eliminate the placebo effect, subjects were provided with no detailed information on types or properties of mouthguards before or during the test, and to reduce the effects of order of tests, orders of mouthguard applications and of measurements were randomized. The test was carried out three times a week with 48 hours between the tests. For each session, muscular strength and muscular power on knee joints during flexor/extensors movement were measured 5 times and muscular endurance was measured 25 times using an isokinetic muscular ability tester. To measure anaerobic performance, the Wingate Power test was conducted for 30 seconds. Details of test methods of the performance factor are provided in [Table 1](#T1){ref-type="table"}.

To measure isokinetic muscular strength, that is, maximum muscular strength, muscular power, and muscular endurance, we used an isokinetic dynamometer (Human-Norm, CSMI Inc., Stoughton, MA, USA). A bicycle ergometer (Wingate Excaliber, Lode B.V. Co., Groningen, Netherlands) was used to measure maximum anaerobic power ([Fig. 4](#F4){ref-type="fig"}).

Isokinetic muscle strength was defined as follows: ➀ muscular strength - maximum torque during 5 flexion/extensions of the knee joint at 60 degree/sec (unit: Nm), ➁ muscular power - maximum torque during 5 flexion/extensions of the knee joint at 180 degree/sec (unit: Nm), ➂ muscular endurance - total amount of work during 25 flexion/extensions of the knee joint at 240 degree/sec (unit: Joule). Anaerobic performance to measure the energy that is stored in muscles and that can be accessed without the use of oxygen was determined as follows: ➀ peak power - peak power during maximum - speed pedaling for 30 seconds (unit: watt) and ➁ rate to fatigue - the difference between maximum and minimum anaerobic power during 30 seconds divided by the time taken (unit: watt/sec).

The results are provided as means ± standard deviations. The statistical analysis of quantitative variables was performed using SPSS® 18 program (SPSS Inc., Chicago, IL). One-way ANOVA with repeated measures was conducted to compare differences between groups with or without a mouthguard. Post hoc testing was performed using the contrast method, and statistical significance was accepted for *P* values of \<.05.

RESULTS
=======

No significant differences between groups with and without a full-coverage mouthguard were observed in terms of maximum muscular strength, muscular power, or muscular endurance of either knee joint during flexor/extensors movement ([Table 2](#T2){ref-type="table"}, [Table 3](#T3){ref-type="table"} and [Table 4](#T4){ref-type="table"}). Also, there were not significant differences between groups with and without a full-coverage mouthguard in maximum anaerobic power ([Table 5](#T5){ref-type="table"}).

In addition, no significant differences between groups with and without partial-coverage mouthguards were found for maximum flexor/extensor knee joint strength. On the other hand, during flexion of the right knee, significantly more muscular power was observed for partial-coverage mouthguards than the ones without partial-coverage mouthguards. For left extensors, significantly more muscular power was observed for partial-coverage mouthguards than full-coverage mouthguards. Moreover, for left flexors, significantly more muscular power was observed for anterior partial-coverage mouthguards than no mouthguard. These results indicated that partial-coverage mouthguards increased muscular power.

Partial-coverage mouthguards showed significantly more muscular endurance of right flexors than no mouthguard. In particular, the anterior partial-coverage mouthguard was associated with significantly more muscular endurance than the full-coverage mouthguard. The muscular endurance of left extensors showed an increase in muscular endurance for all types of partial-coverage mouthguards as compared with no mouthguard. Anterior partialcoverage mouthguards also significantly increased the muscular power of left flexors as compared with the full-coverage mouthguard, and for right flexors, muscular endurance with partial-coverage mouthguards was significantly greater than muscular endurance without mouthguard. Therefore, muscular endurance also showed a tendency to increase when partial-coverage mouthguards were used. However, maximum anaerobic power was not significantly different among partial-coverage mouthguards.

DISCUSSION
==========

The positive effect of mouthguards on physical performance, particularly with respect to occlusal change, remains controversial. Some researchers argue that the occlusal and mandibular positional changes affect performance, whereas others believe their effects on physical performance are minimal or due to placebo effects.

In this study, we investigated that changes in physical performance associated with changes in occlusal state. To control variables associated with occlusal position, we designed protocols to maintain mandibles in a fixed position with 2 mm increase in vertical dimension from the midpoint of the line connecting the deepest gingival points of canines and premolars. While the vertical position of the mandible most likely to confer systemic effects has been known unclear and even considerably variable over individuals, vertical increase of 2 mm is frequently used by several studies on the fabrication of mouthguards, corresponding the range of freeway space.[@B11],[@B29] Moreover, Chakfa et al. reported that when gradually increasing the vertical dimension from ICP, maximum increases in cervical flexors and deltoid muscular strength were obtained in the 2 to 12 mm range of vertical dimension.[@B11] Finally, 2 mm increase in vertical dimension was determined as the thickness of mouthguard in this study. However, the present study found that no significant change in maximum anaerobic power or muscular ability at the knee joint occurred when 2 mm raised full-coverage mouthguards were applied, which is consistent with previous findings that a vertical increase in mandibular position was not related to physical performance.[@B25],[@B26],[@B35] Based on these results, a 2 mm increase in vertical position of the mandible is thought to have little systemic effect. However, because previous studies by Allen et al. were performed using appliances that intentionally caused a horizontal positional change as well as a vertical change of the mandible, such as MORA, they were unable to discriminate the effects of each occlusal variable due to the variation in both horizontal and vertical factors.[@B25]

The mechanisms underlying the effects of intraoral appliances, including the effect of mouthguards on physical performance might be due to a change in condylar position,[@B36] a horizontal or a vertical mandibular shift,[@B26] or a change in the distribution of occlusal force.[@B29],[@B37] In a previous study on the effects of the even distribution of occlusal force, it was found that unilateral occlusion or disharmony in the left and right masticatory muscles led to deviations of cervical vertebrae.[@B38] Furthermore, this finding was supported by an animal experiment.[@B39] Accordingly, some researchers advocated that the presence of malocclusion might cause alterations in the cervical vertebral alignment and subsequently cause postural imbalance or imbalance while walking.[@B40],[@B41]

Considering above described findings with partial-coverage mouthguards, it was thought that unlike previous belief, there was no reduction in physical performance despite the unequal dispersion of occlusal force or increase in vertical dimension. Furthermore, usage of partial-coverage mouthguard showed the favorable results for some variables over full-coverage mouthguards, which are characterized by a well-distributed occlusal force. In addition, a significant increase in muscular endurance was observed for muscular power during extensor movement in left knee joint, and for muscular endurance during flexor in right knee joint for all types of partial-coverage mouthguards, whereas usage of a full-coverage mouthguard showed no significant difference versus without a guard.

Given results of this study with regard to full- and partial-coverage mouthguards, we conclude that balanced occlusion or an increase in vertical dimension have little effect on physical performance. In addition, many recent studies on malocclusions inducing inappropriate distributions of occlusal force have reported malocclusion does not always lead to temporomandibular disorders and that its effect on TMD is minimal.[@B42],[@B43] In other words, although malocclusion is disadvantageous in terms of dispersing occlusal force, it does not always cause pathologic change in temporomandibular joints and masticatory muscles, owing to physiological adaptation. Tardieu et al. also reported that unilateral occlusion showed no differences in maintaining and stabilizing posture other than when eyes were closed.[@B37] Based on this evidence, the distribution of occlusal force by applying mouthguards does not have a meaningful effect on systemic physical performance. Furthermore, unlike other types of partial-coverage mouthguards, anterior partial-coverage mouthguards were found to confer significantly more muscular power during flexion of the left knee and muscular endurance during extension of the right knee, and thus, indicate that the use of partial-coverage mouthguard, especially anterior partial-coverage mouthguards, enhances muscular power and endurance more so than full-coverage mouthguards. Despite of these findings, the underlying mechanism is not fully elucidated due to its complexity. Therefore, further studies are needed to establish the exact mechanism of improved physical performance by partial-coverage mouthguards.

However, partial-coverage mouthguards are not suitable for all sports. Particularly in contact sports, frequent outer shocks can damage the stomatognathic system, and thus, the stabilization of occlusion is essential. Therefore, the use of full-coverage mouthguards is more appropriate than the use of partial-coverage mouthguards from the protective perspective. Furthermore, since this study was performed over one week, we were unable to determine whether the long-term use of partial-coverage mouthguards negatively affects temporomandibular joints or masticatory muscles.

In summary, the use of full-coverage mouthguards with a 2 mm increase in vertical dimension did not significantly change isokinetic muscular strength, power, or endurance, or anaerobic power of muscles around the knee joint. On the other hand, the use of partial-coverage mouthguards significantly increased muscular endurance during extension of the left knee joint and increased muscular power and endurance during flexion of the right knee. The muscular power and endurance of the left extensor was also significantly increased by usage of partial-coverage mouthguards as compared with full-coverage mouthguards. When wearing an anterior partial-coverage mouthguard, muscular power during flexion of the left knee and muscular endurance during extension of the right knee were significantly greater than when wearing a full-coverage mouthguard or no mouthguard.

CONCLUSION
==========

Based on these results, we conclude that a 2 mm increase of vertical dimension and balanced occlusion do not affect the muscular abilities of flexor/extensors of the knee joint or anaerobic performance. On the contrary, despite an uneven distribution of occlusal force, muscular power and muscular endurance were found to be enhanced by the application of a partial-coverage mouthguard.
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Measurement information
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###### 

Measurement of muscular strength in knee joint (unit: Nm)
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FCM: full-coveragemouthguard, ICP: intercuspal position, PCM: partial coverage mouthguard, Lt: left, Ant: anterior, Rt: right.

###### 

Measurement of muscular power in knee joint (unit: Nm)
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FCM: full-coveragemouthguard, ICP: intercuspal position, PCM: partial coverage mouthguard, Lt: left, Ant: anterior, Rt: right.
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###### 

Measurement of muscular endurance in knee joint (unit: Joule)
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FCM: full-coveragemouthguard, ICP: intercuspal position, PCM: partial coverage mouthguard, Lt: left, Ant: anterior, Rt: right.
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###### 

Measurement of maximum anaerobic power
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FCM: full-coveragemouthguard, ICP: intercuspal position, PCM: partial coverage mouthguard, Lt: left, Ant: anterior, Rt: right.
